Abstract. The aim of the present study was to investigate the underlying mechanisms of hypoxia-induced microRNA (miR)-210 effects on mouse GC-2spd (GC-2) cells. GC-2 cells were subjected to hypoxia or normoxia for 12, 24, 48 and 72 h. Apoptosis of GC-2 cells was detected using terminal deoxynucleotidyl-transferase-meditated dUTP nick end labeling and flow cytometry. Reverse transcription-quantitative polymerase chain reaction was performed to analyze the expression of miR-210. Hypoxia-inducible factor-1α (HIF-1α), caspase-3, B-cell lymphoma 2, apoptosis regulator BAX and Kruppel-like factor 7 (KLF7) protein expression levels were detected by western blotting. Luciferase reporter gene assays were used to assess the targeting effects of miR-210 on KLF7. Hypoxia induced GC-2 cell apoptosis and increased the expression of HIF-1α and pro-apoptotic proteins; however, decreased anti-apoptotic protein expression levels. Furthermore, hypoxia resulted in the upregulation of miR-210 in GC-2 cells. HIF-1α and miR-210 were involved in the apoptosis of GC-2 cells by mediating the expression of apoptosis-associated proteins. Furthermore, KLF7 was directly targeted by miR-210 to influence the apoptosis of GC-2 cells subjected to hypoxia. The results suggested that hypoxia-induced miR-210 stimulated the activation of the apoptosis signaling pathway and contributed to the apoptosis of GC-2 cells by targeting KLF7.
Introduction
Infertility, a worldwide reproductive health problem, affects 10-15% of couples (1) . In particular, more than one-half of the cases are due to male infertility, and 60-75% male infertility cases are idiopathic, which is frequently the most difficult form of infertility to treat (2) . Male infertility may result from a number of factors, including azoospermia, oligospermia, asthenospermia, orchitis and varicoceles (3) . The pathogenesis of male infertility is usually derived from genetic and environmental factors. In terms of environmental factors, previous studies suggested that chronic hypoxia induces male infertility (4, 5) . A number of previous studies further suggested that hypoxia may induce the apoptosis of spermatogenic cells and spermatogenesis in mice and hypoxia-induced rat models of male infertility (6) (7) (8) . However, the underlying molecular mechanisms of this effect remain to be elucidated.
MicroRNAs (miRNAs), a family of small non-coding RNAs (~22 nt), serve an important role in mediating post-transcriptional gene silencing by sequence-selective targeting of mRNAs (9) . It was demonstrated that miRNAs are important regulators of cell growth, differentiation, apoptosis, metabolism and tumorigenesis (10) . Previously, numerous miRNAs have been identified to be exclusively or preferentially expressed in mice testes, suggesting the important role of miRNAs in translational repression during spermatogenesis (11, 12) . Previous studies demonstrated that certain miRNAs may be regulated by hypoxia (6, 13) , and miRNA (miR)-210 is the most induced miRNA under hypoxia of all the hypoxia-induced miRNAs (14) .
miR-210 targets, including E2F transcription factor 3, autophagy-related protein 7, iron-sulfur cluster scaffold protein and Kruppel-like factor 7 (KLF7), have effects on cell proliferation, autophagy, adenosine triphosphate metabolism and angiogenesis (15) (16) (17) (18) (19) . Among the miR-210 targets, KLF7 is a member of the Kruppel-like factors (KLFs) family and, due to its wide expression in a number of adult human tissues, is additionally termed ubiquitous KLF (20) . In the KLFs family, 17 members (KLF1-KLF17) have been identified in mammals, exerting effects on cell proliferation, differentiation and apoptosis (21) . It was additionally demonstrated that chicken KLF7 inhibits preadipocyte differentiation and promotes preadipocyte proliferation (22) . However, the function of KLF7 in hypoxia-induced apoptosis of GC-2spd (GC-2) cells has not been fully elucidated. The present study investigated whether and how miR-210 contributes to the apoptosis of spermatocytes by targeting KLF7. GC-2 cells were cultured until they reached 80% confluence in six-well dishes, washed once with PBS and subsequently transfected with small interfering (si)RNA with sequences as follows: sense, 5'-GGG CCA UAU UCA UGU CUA UUU-3' and antisense, 5'-AUA GAC AUG AAU AUG GCC CUU-3' for mouse hypoxia-inducible factor-1α (HIF-1α); sense, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense, 5'-ACG UGA CAC GUU CGG AGA ATT-3' as a negative control (NC; all purchased from Guangzhou RiboBio Co., Ltd., Guangzhou, China). siRNA was transfected at a final concentration of 100 nM. In addition, full-length KLF7 cDNA fragments (20 ng; Guangzhou RiboBio Co., Ltd.) were cloned into the pcDNA3.1-Myc-His vector between the Kpn1 and Not1 restriction sites (Invitrogen; Thermo Fisher Scientific, Inc.), generating pcDNA3.1-KLF7. The empty pcDNA3.1 vector was used as the control. The GC2 cells were cultured in the hypoxia workstation for 48 h or were transfected with miR-210 mimics (0.4 nM) or inhibitors (0.4 nM), as well as pcDNA3.1-KLF7 (50 nM) using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The sequence of the miRNA-210 mimic was: 5'-CUG UGC GUG UGA CAG CGG CUG A-3'. The sequence of the NC miRNA mimic was: 5'-UUC UCC GAA CGU GUC ACG U-3'. The sequence of the anti-miR-210 inhibitor was: 5'-UCAGCCGCUGUCACACGCACAG-3'. The sequence of the NC inhibitor was: 5'-CAGUACUUUUGUGUAGUACAA-3'. Subsequently, the cells were cultured in the hypoxia workstation for 12, 24, 48 and 72 h. Experiments were routinely performed in triplicate wells and repeated three times. TUNEL assay. TUNEL assays were performed to detect the apoptosis of GC-2 cells using TUNEL fluorescent kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China) according to the manufacturer's protocol. Cells, subjected to hypoxia or normoxia, and then fixed using 4% paraformaldehyde for 1 h at 15-25˚C. Cells were then permeabilized using 0.1% Triton X-100 for 2 min on ice (2-8˚C), followed by fluorescein isothiocyanate (FITC)-labeled TUNEL staining (Roche Diagnostics GmbH, Mannheim, Germany) for 1 h at 37˚C. Following this, cells were counterstained with 1 µg/ml 4' ,6-diamidino-2-phenylindole (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and subsequently mounted in ProLong™ Gold Antifade Mountant (Invitrogen; Thermo Fisher Scientific, Inc.). TUNEL-positive cells were imaged under a fluorescence microscope and imaging system (AF6000; Leica Microsystems GmbH, Wetzlar, Germany), and five fields from each image were quantified (the number of green spots).
Hypoxia-induced miR
Apoptosis assays by flow cytometry. Cells (1x10 6 cells/ml) were subjected to hypoxia as above, washed twice with ice-cold PBS, and subsequently stained with an Annexin V-FITC apoptosis detection kit (BD Pharmingen; BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. The apoptosis incidence rate was analyzed using a flow cytometer (FACSCalibur; BD Biosciences) within 1 h of staining. Apoptotic cells were counted and presented as a percentage of the total cell count for each sample. The percentage of FITC-positive cells was analyzed using BD CellQuest™ software version 6.0 (BD Biosciences).
Luciferase assay. The putative miR-210-binding site in the 3' untranslated region (UTR) of the KLF7-mRNA was identified using the TargetScan database (www.targetscan.org). To construct a KLF7 3'UTR luciferase reporter plasmid, the KLF7 3'UTR was amplified from mouse genomic DNA. The 3'-UTR of KLF7, containing the predicted wild-type (Wt) or mutated (Mut) binding sites of miR-210 were amplified using mouse genomic DNA via PCR using DreamTaq DNA Polymerase (Thermo Fisher Scientific, Inc.). The primers used were as follows: KLF7-Wt 3'UTR construct primer forward, 5'-GCA GCC AAT GTC CGA AGG A-3' , and reverse, 5'-GAG GAC CCA ATA AAC AGG-3'; KLF7-Mut primer forward, 5'-CCT CTG TGT GCA TAC ATG TAC ACG CAC ACG TAC ACA CAC CCT CTC AC-3' , and reverse, 5'-GTG AGA GGG TGT GTG TAC GTG TGC GTG TAC ATG TAT GCA CAC AGA GG-3'. The thermocycling conditions used were as follows: Initial denaturation at 95˚C for 2 min; followed by 40 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C for 30 sec, extension at 72˚C for 1 min and a final extension at 72˚C for 5 min. The resulting purified polymerase chain reaction (PCR) products were subsequently cloned into the downstream region of the pGL3vector (Promega Corporation, Madison, WI, USA). Mutant constructs with 6-7 mutated residues in the predicted binding site were generated by site-directed mutagenesis. Subsequently, 293T cells (Shanghai Aiyan Biological Technology Co., Ltd., Shanghai, China) were cotransfected with the pGL3 vectors containing the Wt or Mut 3'UTR luciferase reporter of KLF7, a miR-210 mimics or a control using Lipofectamine ® 2000, in addition to Renilla luciferase (pRL-TK Vector; Promega Corporation) as a transfection efficiency control. After 48 h, the luciferase signal was analyzed using the Dual-Luciferase Reporter Assay kit (Promega Corporation) according to the manufacturer's protocol. The results are presented as the relative luciferase activity (firefly luciferase/Renilla luciferase). Each experiment was repeated three times.
RNA isolation and reverse transcription-quantitative
(RT-q)PCR. miRNA was extracted from treated GC-2 cells using the miRVana miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. cDNA was synthesized from 1 µg total RNA using a miRNA RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 37˚C for 15 min and 85˚C for 5 sec. The miR-210 Bulge-Loop TMmiR-210-3p RT-qPCR Primer Set (Guangzhou RiboBio Co., Ltd.) was used: miR-210 forward primer, 5'-CTG TGC GTG T-3' and miR-210 reverse primer, 5'-CAT GAT CAG CTG GGC CAA GAT CAG CCG-3'; U6 forward primer, 5'-CTC GCT TCG GCA GCA CA-3' and U6 reverse primer, 5'-AAC GCT TCA CGA ATT TGC GT-3'. The PCR protocol consisted of an initial denaturation step at 95˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 10 sec and primer annealing/extension at 60˚C for 60 sec. qPCR was performed using 1 µg cDNA and SYBR-Green (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in a LightCycler rapid thermal cycler system (Roche Applied Science, Penzberg, Germany). The data were standardized to U6. Relative quantification of the target gene was conducted using the comparative Cq (2 -∆∆Cq ) method (23). Western blot analysis. Following treatment, proteins were lysed from GC-2 cells in ice-cold radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China), supplemented with protease inhibitors for 1 h to extract total cell protein. Following this, protein concentrations were determined using a bicinchoninic acid kit (Thermo Fisher Scientific, Inc.). Equivalent amounts of protein (20 µg) were separated using 10% SDS-PAGE and electrotransferred onto a nitrocellulose membrane (Bio-Rad Laboratories, Inc.). The membrane was blocked with 5% non-fat dry milk in TBS containing 0.1% Tween (TBST) for 1 h at room temperature. Membranes were subsequently incubated at 4˚C overnight with rabbit anti-caspase 3 antibody (1:1,000; cat. no. 9664), rabbit anti-apoptosis regulator BAX (Bax) antibody (1:500; cat. no. 14796), rabbit anti-B-cell lymphoma 2 (Bcl-2; antibody (1:1,000; cat. no. 3498; all Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit anti-HIF-1α antibody (1:1,000; cat. no. sc-10790; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit anti-KLF7 antibody (1:500; cat. no. ab197690; Abcam, Cambridge, UK) or rabbit anti-β-actin antibody (1:5,000; cat. no. SAB5500001; Sigma-Aldrich; Merck KGaA). The membranes were washed with TBST and incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1:5,000; cat. no. P044801-2; Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) at room temperature for 1 h. Immunoblotted bands were visualized using an enhanced chemiluminescence kit (GE Healthcare Life Sciences, Little Chalfont, UK). The ChemiDoc Imaging System (Bio-Rad Laboratories, Inc.) and Quantity One™ 1-D Analysis software version 4.6.7 (Bio-Rad Laboratories, Inc.) were used to scan the blots and analyze the density of the blots.
Statistical analysis. Data are presented as the mean ± standard deviation, and each experiment was repeated at least three times. Statistical analyses were conducted using SPSS software version 19.0 (IBM Corp., Armonk, NY, USA). Statistical significance was evaluated using an unpaired two-tailed Student's t-test or by one-way analysis of variance followed by Dunnett's test or the Least Significant Difference test. P<0.05 was considered to indicate a statistically significant difference.
Results

Hypoxia treatment induces GC-2 cell apoptosis.
The effects of different hypoxia time periods on GC-2 cell apoptosis P<0.01 vs. respective si-Ctrl. HIF-1α, hypoxia-inducible factor-1α; miR, microRNA; si, small interfering; Ctrl, control; PI, propidium iodide; Bax, apoptosis regulator BAX; Bcl-2, B-cell lymphoma 2; GC-2, GC-2spd.
were investigated using TUNEL and f low cytometry assays (Fig. 1) . The apoptosis at 12, 24, 48 and 72 h of hypoxia are presented in Fig. 1A and C. No difference was observed in the number of apoptotic cells between the hypoxia group at 12 h and the normal group; however, a significant increase in cell apoptosis occurred after 24 h of hypoxia (P<0.01). The results of the flow cytometry assay were consistent with the results of TUNEL staining (Fig. 1B and D) . Hypoxia induced a significant increase in the miR-210 expression level compared with the normoxia group ( Fig. 1E; P<0.01) . Furthermore, the HIF-1α protein expression levels were significantly increased after 12 h of hypoxia ( Fig. 1F; P<0.01) .
Subsequently, the effect of different time periods of hypoxia on the apoptosis pathway in GC-2 cells was determined by measuring apoptosis-associated protein expression levels at 12, 24, 48 and 72 h following hypoxia. The results demonstrated that the pro-apoptotic proteins caspase-3 and Bax were significantly increased in the hypoxia group compared with the normoxia group in GC-2 cells after 48 h (Fig. 1F; P<0.01) . However, the anti-apoptotic protein Bcl-2 was significantly decreased after 24 h of hypoxia ( Fig. 1F; P<0.01) .
Hypoxia-induced HIF-1α mediates apoptosis of GC-2 cells.
A previous study suggested that HIF-1α is involved in mouse spermatocyte apoptosis during hypoxia (6) . Therefore, whether HIF-1α silencing affected apoptosis in GC-2 cells and whether the alteration of miR-210 expression was induced by hypoxia was additionally examined. The results demonstrated that the apoptosis of GC-2 cells treated with HIF-1α silencing subjected to hypoxia for 48 h was significantly decreased compared with the null vector group ( Fig. 2A; P<0.01) . Additionally, interference with HIF-1α-siRNA resulted in a significant decrease in the expression of miR-210 ( Fig. 2B ; P<0.01), HIF-1α, caspase-3 and Bax, and a significant increase in the expression of Bcl-2 ( Fig. 2C; P<0 .01).
Upregulation of miR-210 induces apoptosis of GC-2 cells.
A previous study suggested that miR-210 is upregulated in the testes of patients with non-obstructive azoospermia (24) . In addition, it was demonstrated that miR-210 serves an important role in cell adaptation to hypoxia by regulating a HIF-1-dependent pathway (25) . Therefore, it was hypothesized that alteration of miR-210 may affect the apoptosis rate of GC-2 cells under hypoxic conditions. Therefore, the role of miR-210 in the apoptosis of hypoxia-induced cells was examined. As presented in Fig. 3A , transfection of GC-2 cells with miR-210 mimics or a miR-210 inhibitor had high transfection efficiency. The number of apoptotic GC-2 cells transfected with the miR-210 mimics was significantly increased compared with the mimic NC group under hypoxic conditions ( Fig. 3B; P<0.01) . Conversely, the apoptosis of GC-2 cells was significantly decreased in the miR-210 inhibitor group (Fig. 3B; P<0.01) . Overexpression of miR-210 resulted in a significant increase in the expression of caspase-3 and Bax, and a significant decrease in the expression of Bcl-2 ( Fig. 3C; P<0 .01). Converse results were observed for the suppression of miR-210 (Fig. 3C) , suggesting that miR-210 is involved in the apoptotic pathway of GC-2 cells following hypoxia.
KLF7 is directly targeted by miR-210.
As the 3'UTR of the KLF7-mRNA has a putative miR-210-binding site, identified using the TargetScan database (www.targetscan.org), KLF7 was predicted as a potential target of miR-210. To identify whether the KLF7 gene was targeted by miR-210 directly in GC-2 cells, luciferase reporter assays were performed. As presented in Fig. 4A , there was a significant decrease in luciferase activity following cotransfection of GC-2 cells in the KLF7 Wt group with the miR-210 mimics and the luciferase reporter gene (P<0.01); however, the KLF7 Mut demonstrated no difference in luciferase activity between the miR-210 mimics and the mimics NC groups. Overexpression of miR-210 with the mimics significantly decreased the expression of KLF7 (P<0.01); however, treatment with an inhibitor of miR-210 significantly increased KLF7 expression ( Fig. 4B; P<0.01 ). In addition, the expression of KLF7 protein in hypoxic GC-2 cells at each time point was significantly decreased compared with the normal cells ( Fig. 4C; P<0 .01), suggesting that hypoxia significantly decreased KLF7 protein expression in GC-2 cells.
miR-210 affects apoptosis in GC-2 cells by targeting KLF7.
To further determine whether the altered miR-210 and KLF7 expression levels are associated with GC-2 cell apoptosis, the apoptosis of GC-2 cells transfected with the miR-210 mimics and/or KLF7 mimics was assessed by flow cytometry. Under hypoxic conditions, overexpression of miR-210 significantly increased apoptosis, whereas cotransfection of the miR-210 mimics and the KLF7 mimics in GC-2 cells significantly decreased the effects of the miR-210 mimics on cell apoptosis ( Fig. 5A; P<0.05 ). In addition, it was identified that KLF7 overexpression had no effect on miR-210 compared with transfection of miR-210 mimics alone (Fig. 5B) . The effect of hypoxia-induced miR-210 on apoptosis-associated protein expression was detected by targeting KLF7. The results demonstrated that the protein expression of caspase-3 and Bax was significantly higher in the GC-2 cells transfected with the miR-210 mimics compared with the control cells ( Fig. 5C ; P<0.01); however, upregulation of KLF7 with the KLF7 mimics cotransfected with miR-210 mimics decreased the effects of the miR-210 mimics on caspase-3 and Bax expression. Converse results were observed for Bcl-2 and KLF7 expression (Fig. 5C ).
Discussion
A number of previous studies suggested that hypoxia is a signature of the tumor microenvironment and contributes to proliferation of various types of cancer cells in humans (26) (27) (28) . However, previous studies on non-cancer cells demonstrated that hypoxia may induce the apoptosis of cardiomyocytes, endothelial cells, astrocytes and muscle cells (29) (30) (31) (32) . Notably, hypoxia may induce the apoptosis of spermatogenic cells in mice (6) . Based on these observations, a hypoxic model of GC-2 cells was established by subjecting cells to hypoxia for different lengths of time. The results of the present study demonstrated that hypoxia induced apoptosis of GC-2 cells and promoted the expression of pro-apoptotic proteins caspase-3 and Bax, while inhibiting the expression of the anti-apoptotic protein Bcl-2 after 48 h of hypoxia. The apoptosis of GC-2 cells additionally increased in a time-dependent manner. These results suggested that the effect of hypoxia on apoptosis-associated protein expression induced apoptosis in GC-2 cells, which may result in the obstruction of spermatogenesis.
HIF-1α serves a key role in the cellular adaptation to hypoxia and ischemia (33) . A previous study demonstrated that HIF-1α is involved in the regulation of hypoxia-induced apoptosis (34) . Furthermore, it was observed the inhibition of HIF-1α protected cells against apoptosis induced by ischemia and hypoxia (35) . Previous studies suggested that miR-210 regulates response to hypoxia in a HIF-dependent way (25, 36, 37) . In the GC-2 cell hypoxia model, it was identified that HIF-1α protein expression levels significantly increased after 12 h of hypoxia. Therefore, considering the effect of hypoxia on GC-2 cell apoptosis and HIF-1α expression, in addition to the association between HIF-1α and miR-210 under hypoxic condition, the present study attempted to determine whether the silencing of HIF-1α affected the apoptosis of GC-2 cells and the alteration of miR-210 expression induced by hypoxia.
The apoptosis of GC-2 cells with HIF-1α silencing demonstrated a significant decrease in apoptosis compared with the null vector group. Additionally, interference of HIF-1α by siRNA resulted in a significant decrease in the miR-210, caspase-3 and Bax expression levels and a significant increase in Bcl-2 expression. In addition, the apoptosis rate of GC-2 cells and the expression level of pro-apoptotic proteins in the miR-210 mimics group were significantly increased compared with the mimics NC group under hypoxic culture conditions; however, the expression level of anti-apoptotic Bcl-2 was significantly decreased. However, data for depletion of miR-210 were in contrast with the results demonstrating overexpression of miR-210. These results suggested that hypoxia-induced HIF-1α and miR-210 were involved in the apoptotic pathway of GC-2 cells.
KLFs regulate the expression of a number of genes in a variety of cellular processes during embryonic development and in adult cells (38) . A previous study on KLF7-null mice suggested that KLF7 is a key factor in the development of the nervous system (39) . Previous functional studies demonstrated that KLF7 inhibits preadipocyte differentiation and promotes pre-adipocyte proliferation (22, 40) . In the present study, the luciferase reporter gene assay demonstrated that KLF7 is a potential target of miR-210. Western blot analysis additionally demonstrated that miR-210 was able to suppress the expression of KLF7. Furthermore, the expression level of KLF7 protein in hypoxic GC-2 cells decreased significantly compared with the control cells at each time point. Under hypoxic conditions, overexpression of miR-210 increased the apoptosis of GC-2 cells and pro-apoptotic protein expression, whereas cotransfection of the miR-210 mimics and the KLF7 mimics decreased the effects of the transfection with miR-210 mimics. Converse effects for Bcl-2 and KLF7 were observed for caspase-3 and Bax. These data suggested that the effects of hypoxia-induced miR-210 expression on apoptosis-associated protein function were via the targeting of KLF7 in GC-2 cells.
In conclusion, the results of the present study suggested that the hypoxia-induced apoptosis of GC-2 cells is mediated by the targeting of KLF7 by miR-210. These results may aid the understanding of the underlying mechanisms of hypoxia-induced GC-2 cell apoptosis, and provide insight for the development of impaired spermatogenesis.
